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The  Role  of  Nitrogen-Induced  Localization  and  Defects  in  InGaAsN  2%  N): 
Comparison  of  InGaAsN  Grown  by  Molecular  Beam  Epitaxy  and  Metal-Organic 
Chemical  Vapor  Deposition 

Steven  R,  Kurtz,  A.  A.  Allerman,  J.  F.  Klem,  R.  M.  Sieg,  C.  H.  Seager,  and  E.  D.  Jones 
Sandia  National  Laboratories,  Albuquerque,  NM  871 85-0601 

Abstract 

Nitrogen  vibrational  mode  spectra.  Hall  mobilities,  and  minority  carrier  diffusion 
lengths  are  examined  for  InGaAsN  (~  1.1  eV  bandgap)  grown  by  molecular  beam  epitaxy 
(MBE)  and  metal-organic  chemical  vapor  deposition  (MOCVD).  Independent  of  growth 
technique,  annealing  promotes  the  formation  of  In-N  bonding,  and  lateral  carrier  transport  is 
limited  by  large  scale  (»mean  free  path  ) material  inhomogeneities.  Comparing  solar  cell 
quantum  efficiencies  for  devices  grown  by  MBE  and  MOCVD,  we  find  significant  electron 
diffusion  in  the  MBE  material  (reversed  from  the  hole  diffusion  occurring  in  MOCVD 
material),  and  minority  carrier  diffusion  in  InGaAsN  cannot  be  explained  by  a “universal”, 
nitrogen-related  defect. 

Introduction 

The  quaternary  alloy,  InGaAsN,  is  a novel  material  system  with  many  important 
potential  device  applications.  Opposite  to  the  trend  based  on  the  respective  bandgaps  of 
GaAs  (1.4  eV)  and  GaN  (3.5  eV),  addition  of  a small  amount  of  nitrogen  to  GaAs  radically 
lowers  the  bandgap.1  3 Addition  of  indium  to  GaAsN  compensates  the  strain  induced  by 
nitrogen,  and  with  only  3%  nitrogen  incorporation,  one  obtains  an  InxGai.xAsi_yNy  alloy  (x= 
0.07,  y=0.03)  with  a 1.0  eV  bandgap,  lattice-matched  to  GaAs.  InGaAsN  laser  active  regions 
offer  the  promise  of  longer  wavelength,  > 1 .3  pm  optical  transceivers  grown  on  GaAs 
substrates,3’4  or  record  power  efficiencies  (=38%)  would  be  obtained  with  an  1 .0  eV, 
InGaAsN  cell  added  in  series  to  proven  InGaP-GaAs  tandem  solar  cells.5,6  However,  for 
InGaAsN  alloys  grown  by  metal-organic  chemical  vapor  deposition  (MOCVD)  or  molecular 
beam  epitaxy  (MBE),  photoluminescence  intensity  and  carrier  lifetime  degrade  with 
increasing  nitrogen  concentration,  and  annealing  is  often  required  to  obtain  useful  material.  ’ 
Observation  of  complex  annealing  behavior  in  both  MBE  and  MOCVD  materials  suggests  the 
cause  is  nitrogen-related  defects,  not  atomic  impurities.  In  this  study,  we  examined  the 
defect  and  transport  properties  of  MBE  and  MOCVD-grown  InGaAsN.  This  comparison 
reveals  properties  which  appear  intrinsic  to  InGaAsN  and  other  characteristics  which  are 
unique  to  a particular  growth  process.  Although  the  minority  carrier  properties  of  MBE  and 
MOCVD-grown  InGaAsN  differed,  comparable  solar  cell  performance  was  obtained  with 
either  growth  process. 

InGaAsN  Growth 

Ino.07Gao.93Aso.98No.02  (1.1  eV  bandgap)  was  grown  by  MBE  at  a temperature  of 
approximately  430°C.  Nitrogen  was  supplied  by  a radio-frequency  plasma  source,  while  the 
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remainder  of  the  constituent  elements  were  evaporated  from  conventional  solid  sources.  Ex- 
situ,  post-growth  annealing  of  this  material  at  900°C  for  10  sec  improved  the 
photoluminescence  efficiency  and  subsequent  device  performance.  The  MBE  material  was 
unintentionally  doped,  p-type  (mid-1016  /cm3).  N-typc  material  was  obtained  with  Si  doping. 

MOCVD  samples  were  grown  using  trimethylindium,  trimethylgallium,  100%  arsine, 
and  dimethylhydrazine  sources.  N-type  material  was  achieved  using  tetraethyltin  doping. 
MOCVD  samples  were  annealed  at  650°C  for  30  minutes.  For  both  MBE  and  MOCVD- 
grown  InGaAsN,  photoluminescence  intensity  increased  =10x  upon  annealing  undoped 
material.  Overall,  photoluminescence  of  the  MBE  material  displayed  characteristics  similar 
to  those  we  have  observed  for  MOCVD  samples.6  However,  the  bandgap  of  the  MBE 
material,  observed  through  photoluminescence  or  absorption,  increased  approximately  20 
meV  due  to  incremental  nitrogen  loss  during  annealing. 

Nitrogen  Local-Vibrational  -Mode  Spectroscopy 

Looking  for  a mechanism  to  explain  annealing  behavior,  we  examined  nitrogen- 
related  local-vibration-modes  (LVMs).  Fourier  transform  infrared  transmission  spectra  are 
shown  for  an  annealed  and  as-grown,  undoped  InGaAsN  (1.1  eV)  sample  grown  by  MBE 
(Figure  1).  Prior  to  annealing,  a single  LVM  line  is  observed  at  468  cm'1  which  corresponds 
to  the  Ga-N  mode  at  470  cm  1 reported  for  GaAs:N.K  No  evidence  for  In-N  bonds  was 
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Figure  1.  Infrared  transmission  spectra  for  an  MBE-grown,  0.6  pm  thick 
Inoo7Gao93Aso.98No.02  sample  as-grown  (dashed  ) and  ex-situ  annealed  (solid)  at  900°C  for  1 0 
sec. 
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observed  prior  to  annealing.  Annealing  produced  In-N  bonds,  and  three  LVMs  were  observed 
at  457,  489,  and  515  cm'1.  With  the  larger  mass  of  the  indium  atom,  the  line  at  457  cm'1 
corresponds  to  an  In-N  stretch,  and  the  Ga-N  stretch  is  shifted  to  489  cm'1  in  a GajInN 
cluster.  Origin  of  the  5 1 5 cm'  line  is  highly  speculative.  Similar  behavior  was  reported  by 
Sarah  Kurtz  et  al.  in  MOCVD-grown  (@  550“C)  InGaAsN  samples  with  lower  nitrogen 
content  (0.2  %).9  They  still  observed  a Ga-N,  470  cm'1,  peak  after  annealing  at  700°C  for  30 
minutes,  whereas  in  our  MBE  samples  that  peak  disappeared  after  annealing  which  indicates 
that  almost  100%  of  the  nitrogen  atoms  formed  In-N  bonds.  In-N  pairing  minimizes  strain 
energy  in  the  GaAs-like  lattice.  Our  infrared  studies  of  MOCVD-grown  InGaAsN  (2%  N, 
600°C  growth)  were  inconclusive  due  to  broadened  and  distorted  (“Fano”)  LVM  lineshapes. 

Majority  Carrier  Transport  and  Localization 

We  examined  the  effect  of  these  annealing-induced  structural  changes  on  Hall 
transport.  Of  particular  interest,  strong  random  alloy  fluctuations  in  the  InGaAsN  conduction 
band  may  result  in  electron  localization.10  Hall  mobility  measurements  were  made  on  a series 
of  compensated  MOCVD-grown  samples  with  nominally  the  same  composition  ,1.6- 1.9%  N. 
N-type  (Sn)  doping  levels  were  varied  in  this  series  to  range  from  as-grown  p-type  to  n- 
type,mid-10l7/cm3.  At  300  K and  high  carrier  densities,  the  electron  mobility  curves  in  Fig. 
2(a)  converge  to  = 300  cm2/V  s.  Hole  mobilities  (Fig.  2(b))  at  300  K ranged  even  lower,  60- 
90  cm2/V.s.  Hall  mobility  and  carrier  concentration  temperature  dependence  are  shown  in 
Figure  3 for  a single,  n-type  MBE-grown  sample  with  nominally  the  same  composition.  As 
before,  the  highest  mobility  for  the  MBE  material  was  =300  cm2/V  s,  consistent  with  the  limit 
imposed  by  alloy  scattering  at  this  nitrogen  concentration.11 


Figure  2.  Hall  mobility  versus  temperature  for  a series  of  n (a)  and  p-type  (b),  MOCVD- 
InGaAsN  samples  doped  at  different  levels. 
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Figure  3.  Temperature  dependence  of  Hall  mobilities  (solid  symbol)  and  carrier 
concentrations  (open  symbol)  for  an  MBE-grown,  n-type  Ino.07Gafl.93Aso.9HNo.02  sample  as- 
grown  (dashed  line)  and  ex-situ  annealed  (solid  line)  at  900°C  for  10  sec. 

Hall  data  for  the  n-type,  annealed  MBE-grown  InGaAsN  (Fig.  3)  were  very  close  to 
those  for  annealed  MOCVD  material  (Fig  2(a)).  Electron  mobilities  (Fig.  2(a))  were 
thermally  activated  near  300  K and  became  weakly  temperature  dependent  at  low 
temperatures  These  activation  energies  increase  with  decreasing  electron  concentration  (Fig. 
2(a)).  Based  on  limited  data,  we  find  that  hole  mobilities  (Fig.  2(b))  were  qualitatively  similar 
to  those  observed  for  the  electrons.  For  both  electrons  and  holes,  the  carrier  concentration 
was  only  weakly  temperature  dependent.  Overall,  the  Hall  data  for  annealed  InGaAsN  were 
inconsistent  with  an  electron  mobility-edge  because:  I)  Our  Hall  mobilities,  not  carrier 
concentrations,  were  thermally  activated;  2)  Holes  displayed  similar  behavior  to  electrons; 
and  3)  Low  temperature  mobility  values  were  large  for  variable-range  hopping.  " Instead,  we 
believe  that  InGaAsN  carrier  transport  is  modulated  by  large  scale  (i.e.  » mean  free  path) 
inhomogeneities,  forming  potential  barriers.  Consistent  with  our  data,  the  Hall  mobility  is 
thermally  activated  in  such  inhomogeneous  materials,13  and  Hall  data  for  polycrystalline  Si 
are  similar  to  our  InGaAsN  results.14  Our  results  indicate  that  increased  doping  (i.e. 
increasing  the  Fermi  energy)  lowers  the  InGaAsN  electron  barriers,  suggesting 
inhomogeneities  in  N concentration  (<  1%)  produce  the  barriers.  Contrary  to  reports  of  a 
random  N distribution  occurring  in  strained,  GaAsN  (2%  N)  quantum  wells,15  scanning 
tunneling  microscope  images  of  our  MOCVD-lnGaAsN  revealed  N clustering  and  lateral 
non-uniformities  ,16 

In  the  unannealed,  as-grown  MBE  Hall  sample  (Fig.  3),  we  observed  strong  thermal 
activation  of  both  mobility  and  carrier  concentration.  An  activated  carrier  concentration 
suggests  a trap-modulated  mobility  with  a mobility  edge.  We  associate  the  localization  in  as- 
grown  MBE  InGaAsN  with  structural  disorder  resulting  from  the  lower  temperature  MBE 
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growth.  Perhaps  defects  inferred  from  LVM  spectra  or  excess  nitrogen  produce  localization 
observed  in  InGaAsN  grown  at  lower  temperature. 

Minority  Carrier  Diffusion  and  Solar  Ceils 

Minority  carrier  devices  are  very  sensitive  to  localization  and  trapping.  To  examine 
the  effect  of  nitrogen-related  defects  on  electron  and  hole  diffusion  lengths,  we  compared 
structurally  similar  solar  cells,  grown  by  MOCVD  or  MBE.  Our  non-optimized,  test-cell 
consisted  of  a thick  (1  pm)  InGaAsN  base  and  a thin  (0. 1-0.3  pm),  heavily  doped  (mid-1017 
/cm3 ) InGaAsN  emitter.  Minority  carrier  diffusion  lengths  were  determined  from  internal 
quantum  efficiency  (IQE)  measurements  performed  on  n-on-p  and  p-on-n  solar  cells.  From 

the  capacitance-voltage,  InGaN  optical  absorption,  and  IQE  spectral  data,  minority  carrier 
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diffusion  lengths  were  determined  from  device  simulations  using  the  program,  PC- ID. 


Photon  Energy  (eV) 


Figure  4.  Spectral  response  of  two  MOCVD-InGaAsN  cells  with  different  alloy 
compositions  (1%  and  2%  N).  Cell  simulations  (dashed  lines)  and  respective  electron  (Ln) 
and  hole  (Lp)  minority  carrier  diffusion  lengths  are  indicated  in  the  figure. 

IQE  experimental  results  and  device  simulations  for  MOCVD-grown  p-on-n, 
InGaAsN  solar  cells  with  1.0  eV  and  1.1  eV  bandgap  InGaAsN  (2.1%  and  1.1%  N, 
respectively)  are  shown  in  Figure  4.  In  the  emitter  of  the  1 .0  eV  InGaAsN  cell,  electrons 
were  localized,  with  a diffusion  length  ~ 10'2  pm,  and  in  the  1.1  eV  InGaAsN  emitter, 
electron  diffusion  had  increased  to  0.2  pm.  In  both  cells,  a hole  diffusion  length  of  = 1 pm 
was  obtained  for  the  base  layer.  Open  circuit  voltages,  at  air-mass  0,  for  the  1 .0  eV  and  1 . 1 
eV  cells  were  0.41  and  0.50  V,  respectively.  IQEs  for  the  companion,  n-on-p  cells  were  low 
(<30%).  Clearly,  poor  electron  diffusion  limited  MOCVD-InGaAsN  device  performance. 

IQE  data  and  simulations  for  MBE-grown,  thick  p-base  (n-on-p)  and  thick  n-base  (p- 
on-n)  are  shown  in  Figure  5.  Clearly,  the  thick  p-base  devices  have  higher  IQEs  indicating 
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that  the  minority  carrier,  electron  diffusion  length  was  greater  than  that  of  the  holes  in  the 
MBE-InGaAsN.  Self-consistent  fits  of  the  cell  IQEs  were  obtained  with  electron  and  hole 
diffusion  lengths  of  0.5  and  0.03  gm,  respectively,  in  ex-situ  annealed  MBE  material.  The 
air-mass-0,  open  circuit  voltage  of  the  annealed,  thick  p-base  MBE  cell  in  Fig.  5 was  0.43  V. 
Overall,  the  IQEs  and  open  circuit  voltages  of  thick  p-base  MBE  and  thick  n-base  MOCVD 
solar  cells  were  roughly  comparable. 

MBE  InGaAsN  Solar  Cells 


Photon  Energy  (eV) 

Figure  5.  Spectral  response  of  two  MBE-grown  InGaAsN  solar  cells,  thick  p-base  (n-on-p, 
ex-situ  annealed)  and  thick  n-base  (p-on-n,  ex-situ  annealed)  devices.  Cell  simulations 

(dashed  lines)  and  respective  electron  (Ln ) and  hole  (Lp ) minority  carrier  diffusion  lengths 
are  indicated  for  each  cell. 

Surprisingly,  the  diffusion  lengths  for  annealed  MBE  material  were  reversed  from 
those  we  reported  for  MOCVD-grown  InGaAsN  (0.01  micron  for  electrons  and  0.9  micron 
for  holes).  Although  we  have  presented  evidence  of  point-  defects  and  inhomogeneities 
common  to  MBE  and  MOCVD  materials,  this  variation  of  minority  carrier  properties 
indicates  that  there  are  yet  other  traps  associated  with  each  specific  growth  process. 

Summary 

Our  brief  study  of  the  properties  of  MBE-grown  InGaAsN  (=  1 .1  eV  bandgap  ) 
revealed  many  similarities  to  MOCVD  material.  Overall,  the  radiative  efficiencies.  Hall 
mobilities,  device  performance,  and  annealing  behavior  for  MBE  and  MOCVD-grown 
InGaAsN  were  roughly  comparable.  We  found  evidence  that  annealing  promotes  the 
formation  of  In-N  bonding  like  that  reported  for  MOCVD  material  with  lower  nitrogen, 
content.  Annealed  n-type,  MBE-grown  InGaAsN  displayed  a Hall  mobility  temperature 
dependence  like  that  observed  for  MOCVD-grown  material.  We  attribute  the  Hall  mobility 
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temperature  dependence  to  the  presence  large-scale  inhomogeneities,  or  barriers,  limiting 
transport.  The  maximum  electron  mobility  was  consistent  with  the  limit  imposed  by  alloy 
scattering,  but  there  was  no  evidence  of  alloy-fluctuation-induced-localization.  However, 
some  transport  properties  were  unique  to  a particular  growth  process.  MBE  samples  grown  at 
lower  temperature  displayed  a strongly  thermally  activated  mobility  and  carrier  concentration 
only  prior  to  annealing,  suggesting  trap-modulated  transport.  In  annealed  MBE-grown  solar 
cells  electron  diffusion  was  dominant  (electron  and  hole  diffusion  lengths  of  0.5  pm  and  0.03 
pm,  respectively),  whereas  in  MOCVD  devices  the  minority  carrier  diffusion  lengths  were 
reversed  with  holes  dominating.  In  summary,  a comparison  of  MBE  and  MOCVD  material 
revealed  common,  intrinsic  point-defects  and  inhomogeneities  in  InGaAsN,  but  minority 
carrier  properties  of  InGaAsN  remain  unexplained  by  “universal”  defect  models. 
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